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Abstract.  Reconstituted basement membranes and ex- 
tracellular matrices have been demonstrated to affect, 
positively and dramatically,  the production of milk 
proteins in cultured mammary epithelial cells.  Here 
we show that both the expression and the deposition of 
extracellular matrix  components themselves are regu- 
lated by substratum.  The steady-state levels of the 
laminin,  type IV collagen,  and fibronectin mRNAs in 
mammary epithelial cells cultured on plastic dishes 
and on type I collagen gels have been examined,  as 
has the ability of these cells to synthesize, secrete, and 
deposit laminin and other extracellular matrix pro- 
teins.  We demonstrate de novo synthesis of a  basement 
membrane by cells cultured on type I collagen gels 
which have been floated into the medium.  Expression 
of the mRNA and proteins of basement membranes, 
however, are quite low in these cultures.  In contrast, 
the levels of laminin,  type IV collagen, and fibronectin 
mRNAs are highest in cells cultured on plastic sur- 
faces, where no basement membrane is deposited. It is 
suggested that the interaction between epithelial cells 
and both basement membrane and stromally derived 
matrices exerts a negative influence on the expression 
of mRNA for extracellular matrix components.  In ad- 
dition, we show that the capacity for lactational 
differentiation correlates with conditions that favor the 
deposition of a continuous basement membrane,  and 
argue that the interaction between specialized epithe- 
lial cells and stroma enables them to create their own 
microenvironment  for accurate signal transduction and 
phenotypic function. 
T 
HE synthesis  and secretion of milk proteins in func- 
tional mammary epithelia  are regulated by both hor- 
mones and extracellular  matrix  (ECM) ~ (3,  17), al- 
though the molecular mechanisms underlying the control of 
milk protein expression are not fully understood. A culture 
system is being used in our laboratory in which dissociated 
primary mouse mammary epithelial cells express high levels 
of milk products in response to prolactin,  hydrocortisone, 
and insulin.  Cells from pregnant mammary gland rapidly 
lose the ability to synthesize  milk proteins if they are cul- 
tured on a plastic substratum, even when all lactogenic hor- 
mones are present (18, 37). However, when plated onto an 
exogenous  stromal (type I collagen)  matrix which is then 
floated, or onto a basement membrane matrix reconstituted 
from  Engelbreth-Holm-Swarm  tumor,  the  cells  reacquire 
many of their differentiated  properties, including  the capac- 
ity to assume a polarized morphology, to accumulate casein 
and transferrin  mRNAs, and to secrete most of the milk pro- 
teins (7, 12,  13, 36-38). Furthermore, cells cultured on the 
basement membrane matrix undergo striking  multicellular 
architectural  restructuring,  resemble mammary  alveoli  in 
vivo, and secrete milk proteins vectorially (1, 13). The major 
conclusion from several years' study in this and other labora- 
1. Abbreviation used in this paper:  ECM, extracellular matrix. 
tories is that the ECM plays a fundamental  role in controlling 
cellular phenotype in specialized  tissues. 
It is clear that an exogenous reconstituted basement mem- 
brane gel positively influences  cell-specific  differentiation 
not only in mammary cells (1, 13, 38), but also in other cell 
types, including  Sertoli cells (24, 25), Schwann cells (11), 
hepatoeytes (5, 47), and cells of alveolar lung type II (51), 
endothelial  (33), and uterine epithelial origin (22). Although 
these systems provide direct evidence for the involvement of 
basement membranes in cytodifferentiation,  they offer little 
insight into the molecular mechanism(s)  by which ECM so 
profoundly alters tissue-specific  gene expression.  Neverthe- 
less, studies with this type of substratum raise the possibility 
that induction  of function in mammary cells cultured on a 
stromal  matrix  is due to the synthesis and deposition of an 
endogenous basement membrane rather than to a direct in- 
teraction between the cells and type I collagen.  In this paper 
we have examined  the expression  of ECM components by 
mammary epithelial cells cultured on different substrata, and 
followed basement membrane formation by immunohisto- 
chemical  techniques.  A type I collagen gel system (18, 36), 
which itself contains no detectable laminin and type IV col- 
lagen,  provides an ideal context for pursuing  this goal. 
Our data indicate that cells cultured on floating collagen 
gels organize an endogenously synthesized  basement mem- 
brane.  The expression  and deposition of ECM components 
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plastic,  in the absence of a basement membrane,  the cells 
continue to synthesize and secrete large quantifies of laminin 
and other ECM proteins.  The appearance of the basement 
membrane on floating collagen gel cultures,  however, nega- 
tively correlates with the levels of ECM mRNAs, and posi- 
tively correlates with the ability of mammary epithelial cells 
to undergo  functional  differentiation  and to produce milk. 
Materials and Methods 
Cell Culture 
Epithelial cells from the mammary glands of midpregaant  (11-14 d gesta- 
tion) CD-I mice were prepared as described previously (1, 37), and plated 
at 3  x  l0  s cells/era  2 onto the appropriate  substrata  in F12 medium with 
lactogenic hormones  (5 tzgtml insulin,  l  /~g/ml hydrocortisone,  3/zg/ml 
prolactin),  10% FCS, and 1 mg/ml fetuin. After 36 h this was replaced with 
serum-free medium containing only lactogenic hormones. These conditions 
encourage differentiation (37). 
Stromal (type I collagen) substrata were prepared using established pro- 
tocols (36). Thick collagen gels were made with 150/~1 rat tail collagen per 
cm  2 of culture dish, and either left attached to the dish or released into the 
medium 48 h after plating. Thin collagen gels were made by covering dishes 
with  15 v.l collagen per cm  2. 
Northern Blotting 
RNA was prepared by the guanidinium isothiocyanate method (14), sepa- 
rated in denaturing formaldehyde gels (40), and transferred to nylon mem- 
branes (Hybond-N;  Amersham Corp., Arlington Heights, IL) for hybrid- 
ization (21). Blots containing 2 p.g total RNA per lane were probed for milk 
or fibronectin gene expression;  those containing  10 v.g total  RNA were 
probed for laminin and type IV collagen sequences. High specific activity 
(1-3 x  109 cpm//zg) random-primed probes (20) were prepared using gel- 
purified insert sequences from plasmids kindly provided by M.  Kurkinen 
(Robert Wood Johnson  Medical  School)  (mouse  type  IV  [al]  collagen, 
pPE123 [34]), B. Hogan Vanderbilt University (mouse laminin BI, pPE47 
[2], and R. Hynes (Massachusetts Institute of Technology) (human fibro- 
nectin,  3,rlf  1 [48]). Probes  for  milk  gene  sequences,  mouse  /~-casein 
(pBCL-I, a homemade subcione derived from a plasmid from L Rosen, Bay- 
lor College of Medicine), and mouse traasferrin (pMTf-5, from this labora- 
tory [12]), were prepared by nick translation (specific activity  =  5  x  108 
cpm//~g). After a 2-h prehybridization  step, hybridization was carded out 
overnight at 42°C in the presence of 6  x  SSC (S$C is 150 mM NaCI,  15 
mM sodium citrate),  1 #g/mi BSA, 1/~g/ml Ficol1400,  1 t~g/ml  polyvinyl- 
pyrollidine, 0.1% SDS, 25 mM NaHePO4, 1.5 mM Na4P2OT, 50% deion- 
ized formamide,  100 #g/ml sheared calf  thymus DNA, and 3-8 x  l06 cpm 
of ECM probe or 1-2 x  106 cpm of milk probe per ml of hybridization so- 
Intion. Blots were washed (0.1% SDS, 0.1  x  SSC, 68°C) and exposed to 
XAR-5 film (Eastman Kodak Co., Rochester, NY) for fluorography (8). The 
positions of RNA size standards  (2 p.g per lane;  Life Technologies Inc., 
Gaithersburg,  MD)  were  determined  by  staining  the  marker  lane  with 
methylene blue after transfer. 
Protein Analysis 
Cultured  cells were  metabolically  labeled  to steady  state  with 0.1-0.25 
mCi/ml 3SS-methionine for 24 h. Pulse-labeled cells were starved of me- 
thionine for 1 h before labeling and pulsed in mcthionine-free medium. For 
the chase, cultures were washed with and incubated in normal medium con- 
taining 6 mM/-methionine. Medium fractions were cleared of cellular de- 
bris and adjusted to radioimmune precipitation (RIPA) salt conditions (150 
mM NaCI, 50 mM Tris-HCl,  5 mM EDTA, 0.1% SD$,  1% Nonidet-P40, 
1% sodium deoxycholate, 0.5% apmtinin,  0.5 mM PMSF, pH 7.4). Cells 
were scraped into RIPA buffer, extensively vortexed, and sonicated (3  x 
5-s bursts) on ice, and the insoluble  fractions cleared  (16,000 g,  5 min, 
4°C). This insoluble fraction could be solubilized in RIPA salts containing 
2 M urea. Fractions were stored at -70°C until use. The total incorporation 
of radioactivity was calculated from the TCA-precipitable counts contained 
in the medium,  cell, and urea  fractions;  and aliquots  representing equal 
numbers of total  TCA-precipitable cpm were used for immune precipita- 
tions. These samples were adjusted to 500/~1 with fresh RIPA, incubated 
(2 h, 4°C) with 10 #l rabbit anti-mouse  laminin (E.-Y. Laboratories,  inc., 
San Mateo, CA), and subsequently (40 min, 4°C, shaking) with 50 ~1 10% 
wt/vol protein A Sepharose (Sigma Chemical  Co., St.  Louis,  MO).  The 
protein A-Sepbarose beads were collected, washed (3 x  RIPA buffer; 1 x 
50 mM Tris-HCl,  pH 7.4),  and the precipitated  proteins  eltued 0  min, 
100°C) in sample buffer (10% glycerol, 50 mM Tris-HCl, 2% SDS, 0.02% 
bromophenol  blue,  5% B-mercaptoethanoi,  pH 6.8) before separating by 
PAGE (3-6% linear gradient gels, standard discontinuous Tris/glycine sys- 
tem [27]).  For fluorography, gels were treated  with Amplify (Amersham 
Corp.),  dried and exposed at  -70°C to preflashed XAR-5 film. 
Figurel.  Mammary epithelial cells cultured on floating collagen gels organize type IV collagen into an intact basement membrane. Thick, 
transverse sections of cells cultured on collagen gels were stained for the presence of type IV collagen. This exposure illustrates the spatial 
relationship between type IV collagen and the cell layer, photographed  simultaneously using epifluorescence and Nomarski optics. The 
staining profile of this  19-d culture is typical of that in cultures from day three onwards (see also Fig. 5).  The observed thickness of the 
basement membrane components is not an artifact of tissue culture techniques and is also seen in sections of mammary gland tissue stained 
by immunofluorescence for laminin or type IV collagen. Control slides incubated without primary antibody showed no staining reaction 
(data not shown).  Bar,  50 #m. 
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mRNAs. Northern blots illustrate the steady state levels of mRNA 
for laminin (B1 chain), type  IV collagen, or transferrin and B-casein 
in mammary epithelial cells cultured on (P) plastic or on (F/) float- 
ing collagen  gels. The mRNA levels  expressed in the gland of a late 
pregnant mouse (M), and in dissociated epithelial cells just before 
plating (To) are also shown. The positions of RNA-size markers 
(in kb) are noted in the margin. 
Immunofluorescence 
Cells cultured on collagen gels were fixed in 2% paraformaldehyde in PBS, 
quenched with 0.1 M glycine, and equilibrated first with sucrose and subsc- 
quantly with Tissue-Tek OCT compound (Miles Scientific Div.,  Elkhart, 
IN) before freezing on a dry ice/ethanol bath. 5-/~m sections were cut with 
a Leitz cryotome and stained by conventional immunottuorescence method- 
ology  (27).  Monolayer cultures,  grown on acid-washed glass coverslips, 
were stained after a 5-min methanol:acetone (1:1) fixation at  -20°C.  Pri- 
mary antibodies to detect laminin, type IV collagen (J. Roll, University of 
California at San Francisco), entactin (A. Chung, University of Pittsburgh), 
and keratin markers (LE61 and LP34; B. Lane, Imperial Cancer Research 
Fund, London) were kindly supplied. To obtain a qualitative estimate of the 
staining intensity at different days in the time course experiments, negatives 
were exposed for equal times, as were the photographic prints. 
Results 
Formation of  a Basement Membrane by Mammary 
Cells Cultured on a Stromal Matrix 
Primary mouse mammary cells cultured for several days in 
the presence of lactogenic hormones respond according to 
the exogenous substratum on which they are plated. Mul- 
ticellular rearrangements take place in cultures seeded onto 
a  type I  collagen gel made flexible by floatation into the 
medium; the cells maintain a cuboidal-columnar morphol- 
ogy, but do not proliferate. On gels that remain attached to 
the dish, the cells remain flat in most areas, although eventu- 
ally the gels release spontaneously. On plastic, the cells be- 
come squamous and are nonpolarized (18, 55). To confirm 
that the basal lamina-like structure in electron micrographs 
of mammary cells cultured on floating collagen gels (18, 26) 
actually contains ECM components, thick sections of cells 
on collagen gels were stained by immunofluorescence. A 
continuous basement membrane, containing type IV colla- 
gen (Fig. 1), laminin (see below, Fig. 5), and entactin (data 
not shown) was laid down between the cell layer and collagen 
gel. 
Expression of  ECM Components Is Regulated 
by Substratum 
We examined the capacity of cells cultured on different sub- 
strata  to  synthesize and  deposit  ECM  components.  The 
steady state levels of ECM and milk protein mRNAs were 
compared by Northern blot analysis of total RNA extracted 
from cells cultured for 6 d on plastic or on floating type I 
collagen gels. On the latter, the levels oflaminin B1 and type 
IV collagen mRNA were low and compared with those in the 
mammary gland of pregnant mice and in freshly dissociated 
epithelial cells before plating (Fig. 2). They also contained 
abundant  mRNAs  for the  milk proteins,  transferrin,  and 
/~-casein. By contrast, cells cultured on a plastic substratum 
(Fig.  2)  produced low  levels of/~-casein and  transferrin 
mRNA, and milk protein secretion was barely detectable 
(37). However,  in these same cells laminin B1 and type IV 
collagen mRNA  were  induced,  with  substantially higher 
steady state levels than in midpregnant mammary gland or 
in cells cultured on floating gels. 
The levels  of ECM protein synthesis and secretion miro 
rored this RNA profile. Many high molecular weight pro- 
teins were secreted by cells cultured on plastic, including 
major species of apparent molecular weight 290,  250, 230, 
190, and 130 kD, at least one of  which (290 kD) was sensitive 
to bacterial collagenase (data not shown). Although the 130- 
kD protein appeared at similar levels in both culture systems, 
and significantly more of a differentiation antigen (transfer- 
fin; 80 kD) was present in the medium from collagen gels, 
the  higher molecular weight species  were  secreted  prin- 
cipally by cells on a plastic substratum (data not shown). In 
addition, both pulse and steady-state labeling demonstrated 
substantially more secreted and cell-associated laminin in 
the plastic cultures than in those on floating collagen gels 
(Fig. 3 a). The laminin antibody appeared to recognize three 
laminin B chains (BI, B2, pB),  of which two were secreted 
in  a  slightly higher molecular weight form (BrS,  B:-S), 
presumably due to glycosylation (Fig. 3 a, steady state), oB 
represents  the  laminin  B  subunit  precursor  forms  (44). 
Three  high  molecular weight proteins  were  apparent,  of 
which one (A) was secreted into the medium (A-S) at least 
by cells cultured on plastic. The identities of the two addi- 
tional higher molecular weight bands (Ax and Ay) are un- 
clear at this stage, but may represent novel laminin A chains. 
In a  pulse-chase experiment, the only laminin species to 
accumulate extracellularly were  the  A-S,  B,-S,  and B:-S 
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on synthesis  and secretion of 
ECM  components.  (a)  Im- 
mune precipitates of cell  (C) 
and media (M) fractions col- 
lected after metabolic labeling 
of plastic  (P) and floating gel 
(F) cultures.  The 3.5-h pulse 
and 24-h steady-state  samples 
were from identical dishes har- 
vested simultaneously  at day 5 
of culture,  and aliquots (1.5 x 
106  cpm)  representing  equal 
total TCA precipitable  counts 
were precipitated  with an anti- 
laminin  antibody.  The  three 
cell-associated  B chains  (Bt, 
B2, pB) were also detected  in 
Western  blots using the same 
antibody  (data  not  shown). 
The antibody preparation  also 
contains a  species  that inde- 
pendently reacts with entactin 
on  Western  blots  (data  not 
shown),  so  the  entactin  (E, 
E-S)  in  this  figure  may  be 
present by virtue of this reac- 
tivity  rather  than  by  being 
laminin  associated.  The posi- 
tions of radiolabeled size mark- 
ers  (in  kD)  are  noted  in  the 
margin, as are the positions of 
laminin  A  and B chains  iso- 
lated  from Engelbreth-Holm- 
Swarm tumor (LM-A, LM-B). 
(b)  Cells  cultured  on plastic 
dishes  were pulse  labeled  for 
1.5  h,  and  chased  for up to 
24 h.  Media  samples  were 
collected at various times dur- 
ing this chase. Aliquots corre- 
sponding  to  1.5  x  10  6 total 
TCA-precipitable  cpm  from 
both cell and media fractions 
were precipitated  with an an- 
tilaminin antibody as in Fig. 3 
a.  (c) Media from the steady 
state-labeled culture (see Fig. 
3 a) was cleared of cell debris 
and immediately  incubated  at 
37°C for the indicated  times. 
Subsequently,  equal  aliquots 
were precipitated  with the an- 
tilaminin  antibody to look for 
the  presence  of any  cell-se- 
creted laminin  degrading ac- 
tivity. 
forms (Fig. 3 b). The continued presence of these species at 
24 h  pulse indicates a  lack of degradation by cell-secreted 
proteases. This stability was confirmed by incubating medi- 
um from the steady state-labeled cultures at 37°C. In the ab- 
sence of any inhibitors, no laminin was degraded over a 24-h 
period (Fig.  3 c).  Entactin (E) was also recognized by this 
antibody preparation. A higher molecular weight form (E-S) 
appeared to be secreted rapidly after synthesis and accumu- 
lated in the medium as rapidly as 30 min postchase (Fig.  3 
c). It was also present to a greater extent in the medium of 
plastic cultures than in that of the collagen gels (Fig.  3 a). 
Despite  the  considerable  increase  in mRNA levels,  and 
The Journal of Cell Biology, Volume I I0, 1990  1408 Figure 4. Immunofluorescence of basement membrane components in monolayer cultures. Monolayers of cells cultured on coverslips were 
stained for the presence of laminin and type IV collagen. Note that the laminin staining appears to be intracellular, while type IV collagen 
is present in an extracellular lattice. Below each fluorescence micrograph are Nomarski images of the same area.  Bar, 50/zm. 
higher levels of secreted ECM proteins, cells cultured on 
plastic showed little deposition of laminin or type IV colla- 
gen by immunofluorescence analysis (Fig. 4). In epithelial 
areas (i.e., in cells with a packed cuboidal morphology that 
stain with monoclonal antibody LE61, a marker for epithe- 
lial cells [35], data not shown) there was intracellular staining 
with laminin antibodies which, in occasional cells, appeared 
to be reticular. This was suggestive of newly synthesized ma- 
teriai located in the ER and may reflect the marked accumu- 
lation of laminin mRNA and newly synthesized protein in 
these cultures. Although there was no obvious laminin-con- 
taining extracellular mesh,  which would be expected if a 
basement membrane had been formed, there was a type IV 
collagen lattice that appeared to be located on the upper sur- 
face of the cell layer rather than below it.  This confirmed 
electron microscope studies in which no basal lamina was 
detected beneath cells cultured on plastic substratum (18, 26, 
55).  Thus,  although these cells have high levels of ECM 
mRNAs capable of being translated into secreted proteins, 
additional factors are required for the assembly of the ECM 
components into a continuous basement membrane. 
An advantage of  using floating gels to study mammary cell 
gene  expression  is  that  a  variety  of events  can  be  syn- 
chronized to the time of floatation and correlated with one 
another.  Time  course  experiments  demonstrated  that  the 
lamina beneath cells cultured on floating gels appeared de 
novo. A basement membrane containing laminin (Fig. 5 a) 
and type IV collagen (Fig. 5 b) accumulated after gel release 
on day 2, most clearly demonstrated in monolayer, but pola- 
rized, regions (Fig. 5 a). In areas of cell clustering, the stain- 
ing was still situated between the outermost cell layer and the 
collagen gel, although it was more diffuse, with ECM de- 
posits occurring among cells within the aggregates (Fig. 5 
b). The formation of the basement membrane, however, was 
not solely dependent on the presence of a collagen matrix, 
since the cells that remained spread on nonreleased (attached) 
gels had little laminin or type IV collagen, except in areas 
of  clustering (Fig. 5 b). Furthermore, cells cultured on a thin 
layer of type I collagen that remained squarnous had a stain- 
ing profile similar to that shown in Fig. 4 for cells cultured 
on plastic (data not shown). This indicates that changes in 
cell shape and density may also be required for the stromal 
matrix to be able to induce polarized deposition of an endog- 
enous basement membrane. 
The induction of laminin expression was an early event in 
the establishment of these cultures (Fig. 6 a). This occurred 
both on a plastic substratum (P2), and on collagen gels until 
the second day of culture (A2). Its expression was stimu- 
lated further on plastic cultures, but the trend was reversed 
on a collagen substratum. This was particularly apparent in 
Strculi and Biss¢ll Regulation of ECM Components by Substratum  1409 Figure 5. Time course of basement membrane deposition by cells cultured on collagen gels. (a) Thick sections of cells cultured on collagen 
gels for 2, 3, 4, or 8 d were stained for the presence of laminin. The day 3, 4, and 8 cultures were floated after 2 d in culture. In this 
figure, monolayer regions were photographed. Below each fluorescent micrograph are Nomarski images of  the same area. (b) Thick sections 
of cells cultured on collagen gels for 2, 3, or 6 d were stained for the presence of type IV collagen. The floating gels were released on 
day 2. Compare the low level of staining on an attached gel at day 3 of culture to that on a gel which had been released the previous 
day. Bars, 50 ~m. 
the case of the floating gel cultures, suggesting that either the 
interaction between the epithelial cells and their basement 
membrane,  or the cell shape  changes  that occurred after 
floatation, exerted a negative influence on the expression of 
the mRNA for the laminin B1 chain. 
Other ECM proteins were regulated differently, as illus- 
trated by the example of fibronecrin (Fig.  6  b) which was 
downregulated in a,stromal environment. On a plastic sub- 
stratum the e~pression of its mRNA was rapidly and sustain- 
ably induced, whereas only low levels of this component ac- 
cumulated on type I collagen gels. 
The Appearance of the Basement 
MembraneCorrelates with the Onset of 
Functional Differentiation 
Whereas the steady-state levels of transferrin and/3-casein 
mRNAs (Fig. 6 c); as well as their protein products (37), re- 
mained low in cells ~ultured on a plastic substra[um, they be, 
came substantial on floating collagen gels at the time (day 
3) when a  basement ii~embrane  was  laid down,  and were 
maintained for at least a further three days (Fig. 6 c, lanes 
F3, F,, F6).  Transferrin and/~-casein mRNA were present 
before floatation (A2) and may reflect residual function in 
groups of cells that remained as clusters (small organoids) 
after gland dissociation.  This activity subsequently disap- 
peared on attached gels  (A3, A4)  when the cells had had 
greater opportunity to spread onto the available areas of col- 
lagen. In contrast, the action of floating the gel (F3-F6) al- 
lowed  for considerable  induction  of functional differenti- 
ation. 
Discussion 
Formation of a Basement Membrane 
Basement membrane formation is a complex process requir- 
ing dynamic interaction between epithelial cells and their en- 
vironment. Our results demonstrate that it is not sufficient 
for cells to synthesize and secrete large quantities of laminin, 
glycosamintglycans (42), and other high molecular weight 
proteins, nor is simple cohtact with a stromal-type matrix of 
typel collagen enough to initiate basement membrane for- 
marion. A suitable conttxt for this process, however, is pro- 
vided by the flexibility achieved when the collagen gel cul- 
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Streuli and Bissell Regulation of ECM Components by Substratum  1411 Figure  6.  Time course of ECM 
and milk protein mRNA produc- 
tion by cells cultured on different 
substrata.  Total RNA  was  pre- 
pared  from  midpregnant  mam- 
mary gland (M), from epithelial 
cells  dissociated from the  same 
series of midpregnant mice (To), 
and from these cells cultured for 
2, 3, 4, and 6 d after plating onto 
plastic  (P) and attached  (,4) or 
floating (F) collagen gels. North- 
ern analysis of equal quantities of 
these  total  RNAs illustrate  the 
steady state levels of the mRNAs 
for (a)  laminin  (B1  chain),  (b) 
fibronectin,  and  (c)  transferrin 
and/3-casein. 
tures are floated. We suggest that in an environment where 
cells are not able to undergo the necessary changes for gen- 
erating functional polarity, ECM components are not depos- 
ited into a basement membrane. Increased ECM synthesis 
and secretion into the medium may represent an attempted 
rescue mechanism for overcoming this inability. 
Although there is  some evidence that fat pad precursor 
cells are responsible for laminin and heparan sulphate pro- 
teoglycan synthesis in the embryonic mammary gland (31), 
our data show that during pregnancy epithelial cells them- 
selves are able to carry out this function, at least in culture. 
These results extend previous observations that both sulfated 
glycosaminoglycans (42) and collagenous material (16, 54) 
are preferentially assembled into the ECM of mammary epi- 
thelial cells cultured on floating gels. In this type of flexible 
environment, multicellular restructuring is possible (9,  18, 
26, 36, 37), with the cell shape changes and cell-cell inter- 
actions being accompanied by cytoplasmic reorganization 
that allows epithelial cells to maneuver themselves into a 
polarized orientation (46). Since mammary function is char- 
acterized by the presence of apical  secretory vesicles for 
milk proteins such as 3-casein (1, 41, 43), the correct organi- 
zation of intracellular organelles similarly could be a neces- 
sity for directional secretion and subepithelial deposition of 
an intact basement membrane (3). Indeed, beparan sulphate 
proteoglycan and  laminin  are  secreted preferentially in  a 
basal  direction by MDCK  cells (10),  and  fibronectin and 
types I/III collagen are secreted basally by endothelial cells 
(53). Thus, basement membranes may form in conjunction 
with the establishment of polarity, and only when the local 
concentrations of their  constituents  at  the  basal  side  are 
sufficiently high. 
The profile of protein synthesis is presumably also impor- 
tant for this process since basement membranes are complex 
structures containing defined amounts of several different 
components. It is likely that these need to be present in the 
correct ratios for deposition of a  functional structure (23, 
32). We have demonstrated that sulphated glycosaminogly- 
cans (42), laminin, type IV collagen, and entactin are syn- 
thesized by cells cultured on plastic;  nevertheless,  a  key 
ECM component may be absent or modified. Alternatively, 
cell-secreted proteases may change the profile of extracellu- 
lar ECM accumulation. Proteoglycans secreted by NMuMG 
cells, a  mammary cell line, were degraded when the cells 
were grown on plastic (15),  although under the conditions 
used in our experiments primary cells secreted more glycos- 
aminoglycans than when cultured on collagen gels (42). Our 
present data suggest that laminin is also stable in the medium 
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cells  to  deposit a  basement  membrane  is  unlikely to  be 
related to the elaboration of ECM-degrading proteases. 
Regulation of  ECM Expression 
A major finding of our studies is that the expression of ECM 
components themselves is regulated by substratum. In com- 
parison to the situation in cells cultured on plastic dishes, the 
levels of laminin mRNA and protein are down regulated by 
type I collagen matrices. This is especially apparent on float- 
ing gels, when the cells are in contact with a newly made 
basement membrane. The data suggest that di/'ect interaction 
of ECM components with the basal cell surface negatively 
regulates their own expression at the mRNA level.  Further- 
more, the mRNAs for other ECM proteins, such as those pri- 
marily present in the mesenchyme, are also regulated by sub- 
stratum.  The  induction of fibronectin by plastic,  and  its 
corresponding inhibition by type I collagen, is dramatic. To- 
gether, these results show that components of both stroma 
and basement membrane influence the expression of various 
ECM proteins. 
In support of our conclusion that the extracellular environ- 
ment modulates expression of ECM molecules is the obser- 
vation that fibronectin biosynthesis by smooth muscle cells 
is much lower in cells grown on a  fibronectin substratum 
than in those cultured on laminin (28).  In addition, endo- 
thelial cells respond to a type I collagen gel by increasing 
type V  collagen and decreasing fibronectin incorporation 
into their matrix (39), and soluble ECM molecules modulate 
collagen biosynthesis in embryonic corneal epithelium (52). 
It is possible that soluble factors such as TGF-~, which 
profoundly influence the expression of ECM components in 
some cell types (29, 39, 56), are increased and/or activated 
in mammary cells cultured on plastic and mediate the ob- 
served increase in ECM expression. Such effects could be in 
response to the "culture shock" that cells receive when they 
are plated onto a plastic substratum. 
Control of  Mammary Differentiation through 
Basement Membrane 
The problem of finding culture conditions that enable mam- 
mary epithelial cells to express their differentiated functions 
in  the presence  of lactogenic hormones was  initially ad- 
dressed by the use of a  collagen gel system (18, 19,  36). 
Increased basal access to nutrients is insufficient for the ac- 
quisition of function, since cultures plated onto glutaralde- 
hyde-fixed collagen gels that are subsequently floated, re- 
main  flat,  and  are  unable to  express  their differentiated 
phenotype (36, 50). The change of cell shape from squamous 
to  cuboidal-columnar,  and the  establishment of polarity, 
both of which accompany lactational differentiation, influ- 
ence the processing and stability of milk proteins and their 
mRNAs,  possibly via an  intact and accurately organized 
cytoskeleton (3, 4, 6, 49). Such alterations in cellular organi- 
zation require structural and mechanical integrity between 
the cell and its molecular environment (30). On floating col- 
lagen gels, this is provided both by flexible stroma and by 
specific ECM components contained within the basement 
membrane. Our data indicate that the basement membrane 
may indeed significantly influence differentiation, since its 
appearance correlates with the onset of milk protein expres- 
sion and secretion. Conversely, under conditions that permit 
neither  basement  membrane  formation  nor  cell  shape 
changes, the cells are unable to differentiate. Whether the 
basement membrane appears concomitantly with other re- 
quired cellular changes such as the establishment of polarity, 
or whether it is a prima facie determinant in epithelial cell 
differentiation is unclear at this time.  It is likely that the 
events leading to polarity and basement membrane forma- 
tion are intimately related, and that both are required for op- 
timal differentiation to occur. 
Lactational differentiation has been achieved also by mam- 
mary cells cocultured with stromally-derived cells. Adipo- 
cytes (from the 3T3-L1 stock) provide a suitable substratum 
for morphological and functional differentiation of primary 
midpregnant mammary cells, but the lactational phenotype 
occurs only in conjunction with the appearance of a continu- 
ous basal lamina (55).  More recently, epithelial and fibro- 
blastic subpopulations have been established from an im- 
mortal  mammary  cell  line  (45).  When  cocultured,  the 
epithelial cells developed competence to synthesize casein, 
but only in areas of laminin deposition. These data support 
our conclusion that stromal components provided by the col- 
lagen gel matrix, or derived from mesenchymal cells them- 
selves,  participate in the controlled production of a  basal 
lamina, which in turn plays a key role in the establishment 
and maintenance of the differentiated phenotype. 
The authors are indebted to Tracy Ram for his skill and patience in main- 
taining the cell cultures and for help with the early part of the experiments. 
We wish to thank our colleagues, Mary  Helen Barcellos-Hoff, Richard 
Schwarz, Christian Schmidhauser, and Rabih Talhouk for helpful com- 
ments throughout the duration of this work;  and Judy Aggeler, Manuela 
Martins-Green,  and  Andrew  Stoker  for  reading  the  manuscript.  Nina 
Bailey and David Albarian provided valuable technical assistance. C. H. 
Streuli is a European Molecular Biology Organization postdoctoral fellow. 
This work  was  supported  by  the Health  Effects Research  Division, 
Office of Health and Environmental Research, U.S. Department of Energy, 
Contract DE-AC-03-76SF00098. 
Received for publication 1 March 1989 and in revised form 19 December 
1989. 
References 
1. Barcellos-Hoff,  M. H., J. Aggeler, T. G. Ram, and M. J. Bissell. 1989. 
Functional differentiation  and alveolar morphogenesis of primary mam- 
mary epithelial  cells cultured on reconstituted basement membrane. De- 
velopment.  (Camb.).  105:223-235. 
2. Barlow, D. P., N. M. Green, M. Kurkinen, and B. L. M. Hogan. 1984. 
Sequencing of laminin B chain cDNAs reveals C-terminal regions of 
coiled-cell alpha-helix. EMBO (Fur. Mol. Biol. Organ). J. 3:2355-2362. 
3. Bissell, M. J., and H. G, Hall.  1987. Form and function in the mammary 
gland: the role of extracellular matrix. In The Mammary Gland.  M. 
Neville, and C. Daniel, editors. Plenum Press Publishing Corp., New 
York. 97-146. 
4. Bissell, M. J., H. G. Hall, and G. Parry. 1982. How does the extracellular 
matrix direct gene expression? J.  Theor. Biol.  99:31-68. 
5. Bissell, D. M., D. M. Arenson, J. J. Maher, and F. J. Roll.  1987. Support 
of cultured hepatocytes by a laminin-rich gel. J.  Clin. Invest.  79:801- 
812. 
6. Blum, J. L., and M. S. Wicha. 1988.  Role of the cytoskeleton in laminin 
induced mammary gene expression. J.  Cell. Physiol.  135:13-22. 
7. Blum, J. L., M. E. Zeigler, and M. S. Wicha. 1987. Regulation of rat mam- 
mary gene expression by extracellular components. Exp.  Cell Res.  173: 
322-340. 
8.  Bonnet, W. M.  1987.  Autoradiograms: 35S and 32P. Methods Enzymol. 
152:55-61. 
9. Burwen, S. J., and D. R. Pitelka.  1980.  Secretory function of lactating 
mouse mammary  epithelial cells cultured on collagen gels. Exp. CellRes. 
126:249-262. 
10. Caplan, M. J., J.  L. Stow,  A. P. Newman, J.  Madri, H. C. Anderson, 
The Journal of Cell Biology, Volume 110,  1990  1414 M. G. Farquhar,  G. E. Palade, and J. D. Jamieson.  1987. Dependence 
on pH of polarized  sorting of secreted proteins.  Nature  (Lond.).  329: 
632-635. 
I 1. Carey, D. J., M. S. Todd, andC. M. Rafferty. 1986. Schwann cell myelina- 
tion: induction by exogenous basement membrane-like extracellular ma- 
trix.  J.  Cell Biol. 102:2254-2263. 
12.  Chen,  L.-H.,  and  M.  J.  Bissell.  1987. Transferrin  mRNA  level in the 
mouse mammary gland is regulated by pregnancy and extracellular  ma- 
trix.  J.  Biol. Chem. 262:17247-17250. 
13.  Chen, L.-H., and M. J. Bissell.  1989. A novel regulatory mechanism for 
whey acidic protein  gene expression.  Cell Reg.  1:45-54. 
14.  Chirgwin,  J.  M., A.  L.  Przybyla,  R.  J.  MacDonald,  and W. J.  Rutter. 
1979. Isolation of biologically active ribonucleic acid from sources en- 
riched in ribonuclease.  Biochemistry.  18:5294-5299. 
15.  David, G., and M. Bernfield. 1981. Type I collagen reduces the degradation 
of basal lamina proteoglycan by mammary epithelial cells. J.  Cell Biol. 
91:281-286. 
16.  David, G., B. Nusgens, B. van der Schueren, D. V. Cauwenberge,  B. van 
der Berghe, and C.  Lapiere.  1987. Collagen metabolism and basement 
membrane formation in cultures of mouse mammary epithelial cells. Exp. 
Cell Res. 170:402-416. 
17.  Eisenstein, R. S., and J. M. Rosen.  1988. Both cell substratum regulation 
and hormonal regulation of milk protein gene expression are exerted pri- 
marily at the posttranscriptional  level. Mol. Cell. BioL 8:3183-3190. 
18. Emerman, J.  T., and D. R. Pitelka.  1977. Maintenance and induction of 
morphological  differentiation  in  dissociated  mammary  epithelium  on 
floating collagen membranes.  In  Vitro.  13:316-328. 
19.  Emerman, J. T., J. Enami, D. R. Pitelka, and S. Nandi.  1977. Hormonal 
effects on intracellular and secreted casein in cultures of mouse mammary 
epithelial cells on floating collagen membranes.  Proc. Natl. Acad. Sci. 
USA. 74:4466-4470. 
20.  Feinberg, A. P., and B. V. Vogelstein. 1984. A technique for radiolabeling 
DNA restriction endonuclease fragments to high specific activity. Anal. 
Biochem.  137:266-267. 
21.  Fourney, R. M., J. Miyakoshi, R. S. Day, IlI, and M. C. Paterson.  1987. 
Northern blotting: efficient RNA staining and transfer.  Focus.  10:5-6. 
22. Glasser,  S.  R., J. Julian,  G.  L.  Decker, J.-P. Tang,  and D. D. Carson. 
1988. Development of morphological and functional polarity in primary 
cultures of immature rat uterine epithelial cells. J.  Cell Biol.  107:2409- 
2423. 
23. Grant, D. S., C. P. Leblond, H. K. Kleinman, S. lnoue, and J. R. Hassell. 
1989. The incubation of laminin, collagen IV, and heparan sulfate pro- 
teoglycan at 35C yields basement membrane-like structures. J. Cell Biol. 
108:1567-1574. 
24.  Hadley, M. A., S. W.. Byers, C. A. Suarez-Quian,  H. Kleinman, and M. 
Dym. 1985. Extracellular matrix regulates Sertoli cell differentiation, tes- 
ticular cord formation, and germ cell development in vitro. J. Cell Biol. 
101 : 1511-1522. 
25.  Hadley,  M. A., S. W.  Byers, C.  A. Suarez-Quian,  D. Djakiew,  and M. 
Dym.  1988. In vitro  models of differentiated sertoli cell structure  and 
function. In  Vitro Cell. & Dev.  Biol. 24:550-557. 
26.  Haeuptle, M.-T., Y. L. M. Suard, E. Bogenmann, H. Reggio, L. Racine, 
and J.-P. Kraehenbuhl.  1983. Effect of cell shape change on the function 
and  differentiation  of rabbit  mammary  cells  in culture.  J.  Cell BioL 
96:1425-1434. 
27.  Harlow, H., and D. Lane.  1988. Antibodies: A Laboratory Manual. Cold 
Spring Harbor Laboratory,  Cold Spring Harbor, NY. 726 pp. 
28.  Hedin,  U., B.  A. Bottger,  E.  Forsberg, S. Johannson,  and J.  Thyberg. 
1988. Diverse effects of fibronectin and laminin on phenotypic properties 
of cultured arterial  smooth muscle cell. J.  Cell Biol. 107:307-319. 
29.  Ignotz,  R.  A.,  and  J.  Massague.  1986. Transforming  growth factor-# 
stimulates the expression of fibronectin and collagen and their incorpora- 
tion into the extracellular  matrix. J.  Biol. Chem. 261:4337--4345. 
30.  lngber, D. E., and J. Folkman.  1989. How does extracellular matrix control 
capillary  morphogenesis?  Cell. 58:803-805. 
31. Kimata, K., T. Sakakura, Y. lnaguma, M. Kato, and Y. Nishizuka.  1985. 
Participation  of two different  mesenchymes  in the  developing  mouse 
mammary gland: synthesis of  basement membrane components by fat pad 
precursor  cells. J.  Embryol.  Exp. Morphol.  89:243-257. 
32.  Kleinmann,  H.  K., M.  L.  McGarvey,  J.  R.  Hassell,  and G.  R.  Martin. 
1983. Formation of a supramolecular complex is involved in the reconsti- 
tution of  basement membrane components. Biochemistry. 22:4969-4974. 
33.  Kubota, Y., H. K. Kleinman, G. R. Martin, and T. J. Lawley.  1988. Role 
of laminin and basement membrane in the morphological differentiation 
of human endothelial  cells  into capillary-like  structures.  J.  Cell Biol. 
107:1589-1598. 
34. Kurkinen, M., D. P. Barlow, D. M. Helfman, J. G. Williams, and B. L. M. 
Hogan.  1983. Isolation of cDNA clones for basal lamina components: 
type lV procollagen.  Nucleic Acids Res.  11:6199-6209. 
35.  Lane, B. E.  1982. Monoclonal antibodies provide specific intramolecular 
markers for the study of epithelial tonofilament organization. J. Cell Biol. 
92:665-673. 
36. Lee, E. Y.-H., G. Parry,  and M. J. Bissell. 1984. Modulation of secreted 
proteins of mouse mammary epithelial cells by the extracellular matrix. 
J.  Cell Biol. 98:146-155. 
37.  Lee,  E.  Y.-H., W.-H.  Lee, C.  S.  Kaetzel, G. Parry,  and M. J.  Bissell. 
1985. Interaction of mouse mammary epithelial cells with collagenous 
substrata: regulation of casein gene expression and secretion. Proc. Natl. 
Acad.  Sci. USA. 82:1419-1423. 
38. Li., M. L., J. Aggeler, D. A. Farson, C. Hatler, J. Hassell, and M. J. Bis- 
sell.  1987. Influence of a reconstituted basement membrane and its com- 
ponents on casein gene expression and secretion in mouse mammary epi- 
thelial cells. Proc. Natl. Acad. Sci. USA. 84:136-140. 
39.  Madri, J. A., B. M. Pratt, and A. M. Tucker.  1988. Phenotypic modulation 
of endothelial cells by transforming growth factor-beta depends upon the 
composition and organization  of the extracellular  matrix. J.  Celt Biol. 
106:1375-1384. 
40.  Maniatis, T., E. F.  Fritsch,  and J. Sambrook.  1982. Molecular Cloning: 
A Laboratory Manual, Cold Spring Harbor Laboratory, Cold Spring Har- 
bor,  NY. 545 pp. 
41.  Nickerson, S. C., and R. M. Akers.  1984. Biochemical and ultrastructural 
aspects of milk synthesis and secretion.  Int. J.  Biochem.  8:855-865. 
42.  Parry, G., E. Y.-H. Lee, D. A. Farson, N. Koval, and M. J. Bissell. 1985. 
Collagenous  substrata  regulate  the  nature  and  distribution  of glycos- 
aminoglycans produced by differentiated cultures of mouse mammary ep- 
ithelial cells. Exp. Cell Res. 156:487--499. 
43.  Parry,  G., B. Cullen,  C. S. Kaetzel, R. Kramer, and L. M. Moss.  1987. 
Regulation of differentiation and polarized secretion in mammary epithe- 
lial cells maintained in culture: extracellular matrix and membrane polar- 
ity influences. J.  Cell Biol. 105:2043-2051. 
44.  Peters, B. P., R. J. Hattie,  R. F. Krzesicki, T.  G. Kroll, F. Perini, J. E. 
Balun, I. J. Goldstein, and R. W. Ruddon.  1985. The biosynthesis, pro- 
cessing and secretion of laminin by human choriocarcinoma cells. J. Biol. 
Chem. 260:14732-14742. 
45.  Reichmann, E., R. Ball, B. Groner, and R. R. Friis.  1989. New mammary 
epithelial and fibroblastic cell clones in co-culture form structures compe- 
tent to differentiate functionally. J.  Cell Biol. 108:1127-1138. 
46.  Rodriguez-Boulan, E., and W. J. Nelson.  1989. Morphogenesis of the po- 
larized epithelial cell phenotype.  Science  (Wash. DC). 245:718-725. 
47.  Schuetz, E. G., D. Li, C. J. Omiecinski, U. Muller-Eberhard, H. K. Klein- 
man, B. Elswick, and P. S. Guzelian.  1988. Regulation of gene expres- 
sion in adult rat bepatocytes cultured on a basement membrane matrix. 
J.  Cell. Physiol.  134:309-323. 
48.  Schwarzbauer, J. E., J. W. Tamkun, I. R. Lemischka, and R. O. Hynes. 
1983. Three different fibronectin mRNAs arise  by alternative  splicing 
within the coding region.  Cell. 35:421-431. 
49.  Sevely,  J.  L.,  G.  M.  Geuens,  P.  Martel,  L.  M.  Houdebine,  and  M. 
deBrabander.  1987. Effect of tubazole, and new synthetic microtubule in- 
hibitor,  on the induction of casein gene expression by prolactin.  Biol. 
Cell. 59:121-127. 
50.  Shannon, J. M., and D. R. Pitelka.  1981. The influence of cell shape on 
the induction of functional differentiation in mouse mammary cells in 
vitro. In  Vitro.  17:1016-1028. 
51. Shannon,  J.  M.,  R.  J.  Mason,  and  S.  D.  Jennings.  1987. Functional 
differentiation of alveolar type 1I epithelial cells in vitro: effects of cell 
shape, cell matrix interactions and cell-cell interactions. Biochem. Bio- 
phys.  Acta. 931:143-156. 
52.  Sugrue, S. P., and E. D. Hay. 1986. The identification ofextracellular  ma- 
trix (ECM) binding sites on the basal surface embryonic corneal epithe- 
lium and the effect of ECM binding on epithelial collagen production. J. 
Cell Biol. 102:1907-1916. 
53.  Unemori, E. N., K. S. Bouhana, and Z. Werb.  1990. Vectorial secretion 
of extracellular matrix proteins,  matrixdegrading proteinases, and tissue 
inhibitor of metalloprnteinases by endothelial cells. J. Biol. Chem. 265: 
445-451. 
54. Warburton,  M. J., R. Kimbell, P. S. Rudland, S. A. Ferns, and R. J. Bar- 
raclough.  1986. Control of type IV collagen production in rat mammary 
epithelial and myoepithelial-like cells. J.  Cell. Physiol.  128:76-84. 
55. Wiens, D., C. S. Park, and F. E. Stockdale. 1987. Milk protein expression 
and ductal morphogenesis in the mammary gland in vitro: hormone-de- 
pendent and -independent phases of adipocyte-mammary epithelial cell 
interaction. Dev.  Biol. 120:245-258. 
56. Wrana, J. L., M. Maeno,  B. Hawrylyshyn,  K.-L.  Yao, and C.  Domeni- 
cucci.  1988. Differential effects of transforming growth factor-~ on the 
synthesis of extracellular  matrix  proteins  by normal fetal rat calvarial 
bone cell populations. J.  Cell Biol. 106:915-924. 
Streuli and Bissell Regulation of ECM Components by Substratum  1415 